Abstract -Since many years, sub-60 mV/decade switching has been reported in ferroelectric FETs. However, thus far these reports have lacked full physical explanation since they often use a negative capacitance model to explain the experimental observations. Because negative capacitance as such is not a physical concept, we propose an alternative model that relies on the non-linear and non-equilibrium behavior of the ferroelectric layer. It is shown that a steep subthreshold slope can be explained by a 2-step switching process, referred to as nucleation and domain growth. Making use of the concept of domain growth, we can explain the steep slope effect. A simple mathematical model is added to further describe this phenomenon, and to investigate its eventual benefit for obtaining steep slope transistors in the sub-10 nm era.
I. INTRODUCTION

F
ERROELECTRICS have regained a lot of interest since the discovery of a ferroelectric phase in HfO 2 [1] , the most obvious application being nonvolatile memories [2] . However, many research groups have reported steep subthreshold slope behavior in ferroelectric FETs as well. This has increased the expectations for overcoming the Boltzmann tyranny [3] . The full explanation for this phenomenon has, however, been lacking since. When considering the peculiar dynamics of ferroelectric switching we can obtain a steep slope without the need for introducing negative capacitance values. To obtain this result, we use the concept of inertial domain growth to describe the dielectric response acceleration which is needed to boost the surface potential. This theory is then formalized by means of a simple charge balance equation to describe the phenomenon in a more quantitative way. The solution of this equation shows a decreasing voltage over the ferroelectric layer with a further increase of the polarization which leads to a steep subthreshold slope in a certain range of gate voltages. Such a snapback effect in the dielectric response can be explained from the rapidly changing polarization charge which is no longer fully compensated by the free charge on the gate electrode. Fig. 1 . Typical P-E loop can be reconstructed from a large number of (rectangular) single dipole loops as dictated by the Preisach model [4] . The S-shape curve initiating from the origin shows a superlinear behavior in the low (average) field regime indicating the increased dielectric response already at low voltages (domain nucleation).
II. PHYSICAL MODEL
In contrast to paraelectric polarization, when switching a ferroelectric the polarization of the layer is highly non-linear as a function of the applied field. This is clear from the initial P(E) curve as measured on any ferroelectric capacitor when starting from the unpolarized (zero) state (Fig.1 ). This represents a super-linear dielectric response with respect to the external field when increasing the voltage. From basic electrostatics this can be explained by the more than proportional increase in the volumetric density of the number of dipole moments with field (called 'nucleation'). This happens already at low (even subthreshold) voltages because the layer consists of many dipoles with widely different coercive voltages. In fact, single dipole loops can be shifted along the V (or E)-axis depending on the local electric field from the surrounding dipoles as described by the Preisach model [4] (Fig.1) .
As a result, the coercive voltages of the ferroelectric domains show a wide distribution so they can gradually start to contribute to the overall polarization when the voltage increases. That explains the partial polarization starting already in the subthreshold regime and then accelerating with the externally applied voltage. From literature, it is known that ferroelectric switching is sometimes described by domain wall motion [5] , since this may require much less energy than the actual switching energy to reverse all dipoles by 180° [6] . This mechanism is also at the origin of crack propagation in some ceramics: where a critical strain is found at which the crack continues to grow with only a small external stimulus (positive feedback effect). This effect is correlated with twin motion which is known to happen at the speed of sound 0741-3106 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. (or even faster, see [5] or [6] for the case of ferroelectric BaTiO 3 ). A similar effect can be used to explain the domain growth in ferroelectric switching as well [6] . Since the speed of sound in such crystalline materials is on the order of 10km/s (or 10nm/ps) the propagation of the dipole switching is much faster than the typical gate pulse applied to the gate of a stateof-the-art transistor, especially in a laboratory environment (>10ns). That means that the polarization (i.e. density of dipoles) is further accelerated as a function of time without following the externally applied voltage conditions. The domain growth is known to be stalled by defects like e.g. grain boundaries (so-called pinning [6] ) which explains why the ferroelectric will not reach full saturation at low voltages and depolarization can take place. For clarity, it should be added that the mechanism which allows for fast domain growth in thin layers or in other materials such as HfO 2 and Hf 0.5 Zr 0.5 O 2 is quite different and should be investigated in more detail. It is sufficient here to assume that this domain growth has an inertial behavior (decoupled from external field) in order to apply the model as described in section III.
III. MATHEMATICAL DESCRIPTION
Since the material properties are continuously changing during the ferroelectric switching process, the concept of dielectric constant becomes highly unpractical. But it is clear when using average values for the dielectric response (in space), the charge balance equation is still valid. Therefore, the dynamic material parameters can still be incorporated in a (dynamic) capacitance value for the ferroelectric layer.
Splitting the FeFET structure into 2 capacitors, one being the ferroelectric part and the other one describing the series of the interfacial oxide capacitor and the substrate depletion capacitor (since we are mainly interested in the subthreshold regime), we get the simple capacitive divider shown in Fig.2 . It should be noted that both capacitors are voltage dependent. We can equalize the charge on both capacitors and obtain Eq. (1).
where N a is the doping concentration of the substrate and ε Si is the permittivity of silicon. The other parameters are (1) with n = 3, β = 3E−4. For C o = C ox a capacitive division of exactly 0.5 is obtained at V g = t = 0. V int is found to increase faster than V g causing a higher surface potential response than in the case without ferroelectric capacitor.
explained in Fig.2 . The bottom capacitor formula (left side of the equation) is taken from [7] which provides a closed formula for the depletion capacitor in series with the interfacial one, while for the ferroelectric capacitor we need to include an increasing function with time to take care of the domain growth effect. Since we consider the case where V g = α ·t this is equivalent to the assumption that the ferroelectric capacitor is a function of V g only. Fig.3 shows the solution of (1) for the parameter values given in the caption. If we raise the voltage at the gate, the voltage over both capacitors will increase, which implies that the bottom capacitor decreases and the ferroelectric one increases. Thus, the internal voltage V int will start to increase faster ('accelerate') with time. If the response of the material reaches a critical phase (i.e. domain growth takes over), the polarization keeps on increasing to the point where the voltage over the ferroelectric capacitor starts to decrease with time. At that point, the internal voltage V int increases faster than the gate voltage and an amplification is seen at the level of the surface potential (dψ s /dV g > 1). Although the function used for the ferroelectric capacitance may seem arbitrary, any function with sufficient steepness yields the desired results. Calculating the derivative of (1) with respect to V g and putting dV int /dV g > 1 reduces to the following general relationship:
where V fe = V g − V int is the voltage over the ferroelectric capacitor. This inequality shows that the dynamic value of the ferroelectric capacitor (which accounts for the polarization inside the material) exhibits a snapback behavior (see Fig.4 ) to keep the free charge on both capacitors equal. It also implies that this capacitor cannot be described as a function of the voltage over the capacitor. In fact, when plotting the free charge Q versus the voltage V fe (Fig.5) we obtain a branch of the P-V loop showing a snapback as reported experimentally already many times in literature [11] - [13] . For clarity, it should be mentioned that measured P-V loops are actually Q-V loops since the charge is integrated from the displacement current. In summary, it is possible to observe a boost or amplification of the surface potential response dψ s /dV g . It suffices that the internal node goes up faster than the gate bias, which is the case when the dielectric response stops following the Dynamic (positive) value of the ferroelectric capacitor as calculated from (1) for the (arbitrary) case of a 1ns pulse. Fig.4 to be compared to snapback in P-V curves as shown in [11] - [13] .
voltage over the capacitor and becomes a function of time. At that point, the ferroelectric capacitor increases further with decreasing voltage (Fig.4) . This is caused by continued polarization increase due to uncontrolled domain growth (i.e. under decreasing field). It is required that this domain growth is fast enough with respect to the time constant of the transistor gate as described by (2) .
IV. DISCUSSION
According to the model, the steep slope effect will only appear under certain conditions. As can be seen from Fig.3 it will not be there from V g = 0 but only when the voltage over the capacitor starts to decrease. It is, however, possible that the device reaches inversion faster than in the reference case provided that the switching of the ferroelectric domains happens faster than the gate ramp rate. Taking some typical numbers from [8] (thermal attempt frequency f 0 = 1THz) and [9] (Landau barrier = 100meV for the case of orthorhombic HfO 2 ), one can estimate from a simple Arrhenius equation that switching in a FeFET can happen with a time constant on the order of 50ps at room temperature, which is somewhat larger than the transit time in state-of-the-art MOS transistors. In a more refined calculation, this time constant also must Surface potential boosting from steeper internal voltage (equivalent to steeper subthreshold slope in a transistor using such a stack).
include the domain growth effect and the electric field. For practical application, ferroelectrics with larger f o or lower Landau barrier may be preferable. Fig.6 illustrates how a steeper internal voltage leads to surface potential amplification.
Since only partial polarization will appear in the subthreshold regime, it corresponds to so-called subloop operation which is known to disappear on a relatively short time scale due to depolarization (see [10] ). This consideration implies that also the morphology of the layer (grain size and distribution) will play an important role.
Concerning the time dependence of the steep slope effect, this depolarization effect needs to be further investigated since it could be more restrictive for the device applicability than the actual switching itself.
Experimental observation of the calculated snapback effect can be obtained by delaying the switching (i.e. by increasing the time constant of the system), and by switching the entire layer into saturation to obtain the maximum displacement current [11] - [13] . However, that doesn't imply that there is no partial switching happening at lower voltages and on a shorter (unmeasurable) time scale.
V. CONCLUSION
It has been suggested that domain growth in ferroelectrics can generate a positive feedback effect in the dielectric response of the ferroelectric material which is shown to lead to decreasing voltage over the capacitor as switching proceeds. Consequently, the surface potential can increase faster than the external gate voltage leading to steep slope behavior in a certain range of gate biases. In terms of conventional circuit theory, this is best described by a variable (increasing) capacitor. For FeFETs, cut-off frequencies in the GHz are predicted. However, the importance of having fast depolarization should also be emphasized. The presented model will be helpful to better understand the behavior of ferroelectric FETs in the subthreshold regime as well as its potential applications.
